Activation of genes by heavy metals, notably zinc, cadmium and copper, depends on MTF-1, a unique zinc finger transcription factor conserved from insects to human. Knockout of MTF-1 in the mouse results in embryonic lethality due to liver decay, while knockout of its best characterized target genes, the stress-inducible metallothionein genes I and II, is viable, suggesting additional target genes of MTF-1. Here we report on a multi-pronged search for potential target genes of MTF-1, including microarray screening, SABRE selective amplification, a computer search for MREs (DNA-binding sites of MTF-1) and transfection of reporter genes driven by candidate gene promoters. Some new candidate target genes emerged, including those encoding α-fetoprotein, the liverenriched transcription factor C/EBPα and tear lipocalin/von Ebner's gland protein, all of which have a role in toxicity/the cell stress response. In contrast, expression of other cell stress-associated genes, such as those for superoxide dismutases, thioredoxin and heat shock proteins, do not appear to be affected by loss of MTF-1. Our experiments have also exposed some problems with target gene searches. First, finding the optimal time window for detecting MTF-1 target genes in a lethal phenotype of rapid liver decay proved problematical: 12.5-day-old mouse embryos (stage E12.5) yielded hardly any differentially expressed genes, whereas at stage 13.0 reduced expression of secretory liver proteins probably reflected the onset of liver decay, i.e. a secondary effect. Likewise, up-regulation of some proliferationassociated genes may also just reflect responses to the concomitant loss of hepatocytes. Another sobering finding concerns γ-glutamylcysteine synthetase hc (γ-GCS hc ), which controls synthesis of the antioxidant glutathione and which was previously suggested to be a target gene contributing to the lethal phenotype in MTF-1 knockout mice. γ-GCS hc mRNA is reduced at the onset of liver decay but MTF-1 null mutant embryos manage to maintain a very high glutathione level until shortly before that stage, perhaps in an attempt to compensate for low expression of metallothioneins, which also have a role as antioxidants.
INTRODUCTION
The transcriptional activator MTF-1 (metal-responsive transcription factor 1) is a highly conserved protein involved in the transcriptional response to heavy metal exposure (1) (2) (3) (4) (5) (6) . We have cloned and characterized MTF-1 from several species, including human, mouse, pufferfish (Fugu rubripes) and Drosophila melanogaster, and thereby shown evolutionary conservation of the MTF-1 gene (2,7,8; B.Zhang and W.Schaffner, unpublished results). MTF-1 contains six zinc fingers of the C 2 H 2 type as a DNA-binding domain and at least three distinct transcriptional activation domains. It binds to a number of so-called metal-responsive elements (MREs) present in the promoters of metallothionein I and II (MT-I and MT-II) and other heavy metal-inducible genes (9) . These MRE motifs contain a well-defined 7 bp core sequence (TGCRCNC) (4, 6) and to date there is no experimental evidence that MTF-1 can utilize other DNA motifs to promote transcription in vivo. Metallothioneins are small, cysteine-rich proteins involved in heavy metal detoxification and other cell stress responses (10, 11) . There are four types of metallothioneins in mammals, designated MT-I-MT-IV (10,12-14; reviewed in 15) . Whereas expression of MT-I and MT-II is stress-inducible and ubiquitous, MT-III and MT-IV expression is tissue-specific and is induced by stress only weakly. We have previously shown that MTF-1 directs basal and heavy metal-induced expression of the MT-I and MT-II genes (4) . In addition, MTF-1 plays a role in the cellular responses to oxidative stress and hypoxia (5, 16, 17) , implying a more general role for this transcription factor in cellular stress responses. We have generated mice lacking functional MTF-1 as a result of targeted gene disruption. These mice die in utero around day 14 of gestation due to an acute decay of hepatocytes (16) . To date, the MT-I and MT-II genes are the best characterized target genes of MTF-1. Mice with disruption of both the MT-I and MT-II genes are more sensitive to metal stress, but do not show any obvious phenotype under normal laboratory conditions (18) (19) (20) . This finding strongly suggests that MTF-1 has additional target genes besides MT-I and MT-II and that a failure to properly regulate these genes may be responsible for the lethal phenotype of MTF-1 null mice. One apparent candidate was γ-glutamylcysteine synthetase hc (γ-GCS hc ), a subunit of a key enzyme for glutathione synthesis whose gene promoter contains MREs (16) . However, in the light of the results presented here, the relevance of this gene for development of the observed phenotype has to be questioned (see Discussion).
Even though further candidate genes were proposed (16) , none of them could convincingly explain the knockout phenotype. This led us to perform a specific screen for MTF-1 target genes by comparing gene expression profiles between wildtype and MTF-1 knockout embryos or embryonic livers. Firstly, we chose selective amplification via biotin-and restrictionmediated enrichment (SABRE), a novel selective amplification procedure for the detection of differentially expressed mRNAs (21) . This protocol combines the differential display technique (22) with selection procedures based on subtractive hybridization library techniques (23) . In a different approach to find MTF-1 target genes we used Affymetrix gene chip microarrays to identify differentially expressed genes in E13.0 embryos or in E12.5 embryonic livers. Finally, we searched databases for the presence of MRE-containing promoters and further characterized putative target genes by band shift and transient transfection assays. Our studies reveal α-fetoprotein (AFP), C/EBPα and tear lipocalin as especially likely target genes of MTF-1 and suggest possible mechanisms leading to embryonic lethality in MTF-1 null mutant mice.
MATERIALS AND METHODS

Microarray assay
Whole mouse embryos or embryonic livers were prepared at stage E13.0 or E12.5 and immediately frozen in liquid nitrogen until isolation of RNA. Preparation of labeled targets for hybridization and array hybridization of Affymetrix Mu11 oligonucleotide microarrays were performed essentially as described (24) , with the following modifications. cDNA was synthesized directly from total RNA using the Superscript Choice Gene Chip Kit (Gibco) and in vitro transcription reactions were performed using the Megascript T7 System (Ambion). For testing whole embryos, two independent E13.0 MTF-1 null mutants and two MTF-1 wild-type embryos were used in one experiment. For experiments using E12.5 embryonic livers, 16 embryonic livers from MTF-1 null mutant and wild-type embryos were prepared. The RNA was then isolated from independent pools of eight livers from each genotype. Array hybridization and scanning procedures were performed at Hoffmann-La Roche (Basel, Switzerland) according to the supplier's protocols. Genes were considered to be differentially expressed if there was at least a 2-fold difference in expression levels between wild-type and knockout samples.
Animal breeding and embryo isolation
Mice heterozygous for MTF-1 were mated following superovulation and the morning at which a vaginal plug was detected was defined as embryonic day E0.5. Following isolation of embryos, yolk sac DNA was used for genotyping as previously described (16, 25) . Isolation of 'late' E12.5 embryos was performed at 5 p.m., isolation of E13.0 embryos was performed at 12 p.m. (7 h later than late E12.5).
Selective amplification via biotin-and restriction-mediated enrichment (SABRE)
SABRE was performed essentially as described (21) , with the following modifications. Briefly, for our experiments mRNA was prepared from E13.0 MTF-1 wild-type and knockout embryos with a Qiagen RNA/DNA Maxi Kit and Qiagen Oligotex mRNA Mini Kit, according to the supplier's information. Three micrograms of cDNA was then digested with 28 U Sau3AI. An aliquot of 1 µg of the digested cDNA pool was ligated to a double-stranded linker oligo in a 20:1 molar ratio of linker to digested cDNA using 10 Weiss units of T4 DNA ligase. Linker oligo:
5′-GGTCCATCCAACC-3′ 3′-TGCCAGGTAGGTTGGCTAG-5′ The ligation reactions were loaded onto a 1% agarose minigel and cDNA pools ranging from 150 bp to 2 kb were isolated. Wildtype cDNA was PCR amplified with a 5′-biotinylated primer containing a BamHI restriction site. cDNA from knockout embryos was PCR amplified with a non-biotinylated primer containing a mutated BamHI restriction site. Wild-type primer, 5′-C(9)-biotin-CCAGGATCCAACCGATC-3′; knockout primer, 5′-GGTCCATCCAACCGATC-3′.
For PCR Pharmacia Ready-to-Go PCR beads were used with the following mix: 1 µg cDNA, 5 µl DMSO, 20 pmol wildtype primer (or 60 pmol knockout primer), 1 µCi [α-32 P]dATP and water to 50 µl final volume. PCR conditions were 4 min initial melting at 94°C, followed by 30 cycles of 1 min at 94°C, 2 min at 52°C and 2 min at 72°C, followed by a 10 min final elongation step at 72°C. PCR products were then purified by phenol extraction and 10 µg knockout (driver) product was co-precipitated with 300 ng wild-type (tester) product. PERT hybridization of the mixture was performed according to Miller and Riblet (26) . Following hybridization, singlestranded cDNA was digested with S1 nuclease and the whole reaction was mixed with 50 µl of Dynal M-280 streptavidin magnetic beads. After 2 h incubation at room temperature on a wheel, the beads were extracted using a magnetic concentrator and tester homohybrids were removed by BamHI digestion. After 3 h digestion, a new PCR cycle was started as described above. After five consecutive cycles, the products were loaded on a sequencing gel and selectively amplified cDNA bands were cut out of the gel and cloned into pBluescript. Following transformation of bacteria, plasmid inserts were sequenced from plasmid minipreps using T7 or T3 primers.
Transfections and S1 nuclease mapping
Transfections and S1 nuclease mapping of transcripts were performed as described previously (2, 27) . For cloning of C/ EBPα sequences a 0.6 kb fragment from the rat C/EBPα upstream promoter sequence (-1916 to -1302) was amplified from rat genomic DNA using primers 5′-atcgagctcgtagaaagactgaagatccttctc-3′ and 5′-tgagtcgacagttcattctccacctggatctcgg-3′. For cloning of tear lipocalin sequences, a 0.3 kb fragment from the human tear lipocalin promoter sequence (-523 to -213) was amplified from human genomic DNA using primers 5′-gacgagctcgaggagggtcgttactgcacac-3′ and 5′-tcggtcgacatttcacctgaagggaaactg-3′. Both fragments were inserted into the SalI and SacI sites of the OVEC vector (28) .
Electrophoretic mobility shift assay (EMSA)
EMSAs were performed as described (2, 16) . The oligos used for the experiments were as follows. For AFP: MRE2, 5′-cgagacacacatgcacacgcacacagg-3′ and 3′-tcgagctctgtgtgtacgtgtgcgtgtgtccagct-5′; MRE4, 5′-cgagggttctgcacacggtttctcag-3′ and 3′-tcgagctcccaagacgtgtgccaaagagtcagct-5′; MRE5, 5′-cgagagtttagatgcgcactgggaag-3′ and 3′-tcgagctctcaaatctacgcgtgacccttcagct-5′. For C/EBPα: MRE2, 5′-cgagggtcttcggggtgcaaaaacgagg-3′ and 3′-tcgagctcccagaagccccacgtttttgctccagct-5′; MRE4, 5′-cgagcttgtttatgcgctctggaccgaag-3′ and 3′-tcgagctcgaacaaatacgcgagacctggcttcagct-5′; MRE5, 5′-cgagattaatgggtcgcgtgcatctggcg-3′ and 5′-tcgagctctaattacccagcgcacgtagaccgcagct-5′. For lipocalin: MRE1, 5′-cgaggtcgttactgcacaccttgctcag-3′ and 3′-tcgagctccagcaatgacgtgtggaacgagtcagct-5′; MRE2, 5′-cgagtctttaaatgcacacgggcatcgg-3′ and 3′-tcgagctcagaaatttacgtgtgcccgtagccagct-5′; MRE4, 5′-cgaggttacggctgcacacgtccccagg-3′ and 3′-tcgagctccaatgccgacgtgtgcaggggtccagct-5′; MRE5, 5′-cgagaggaggcctgcacacccttcactg-3′ and 3′-tcgagctctcctccggacgtgtgggaagtgacagct-5′.
Measurement of embryonic glutathione levels
Embryonic glutathione amounts were determined in late E12.5 embryonic livers according to Sack et al. (29) . The following modifications were applied. Tissue samples were homogenized using a rotor-stator homogenizer. The samples were then ultracentrifuged at 100 000 g at 4°C for 1 h in the absence of sulfosalicylic acid. For standardization, sample protein amounts were determined with a Bradford Protein Assay Kit (Bio-Rad).
RESULTS
The first round of target gene searches was done with the SABRE protocol, which is essentially a combination of the subtraction library and differential display techniques (21) . Basically, two populations of mRNAs were prepared from either three MTF-1 wild-type or three MTF-1 knockout embryos at stage E13.0. This stage was chosen because histological analyses of embryos suggested that E12.5 might be too early to see the effects of a lack of MTF-1 at the transcriptional level, while E13.5 might be too late due to the onset of liver decay (16; see Discussion). After five complete cycles of SABRE, the reactions were loaded on a sequencing gel and 20 differentially amplified bands were cut out, cloned into the pBluescript vector and sequenced for identification of the insert. Between four and 15 clones were analyzed from each eluted band. Three of the 20 candidate bands consisted of a homogenous population of cDNA fragments, of which two represented mouse AFP and one represented the mouse X chromosome inactivation transcript (XIST). The other bands represented mixed populations of at least two different cDNA fragments. The XIST result may merely represent an unequal distribution of sexes among the embryos used for generation of the cDNAs. Alternatively, MTF-1 might have sex-specific functions in heavy metal homeostasis, which would be compatible with the finding of an increased resistance of female versus male MT-I/MT-II knockout mice to cadmium intoxication (19) . The finding of down-regulation of AFP in the MTF-1 knockout embryos is interesting because of the various biological functions of AFP and its preferential expression in the liver (30) . Other genes that were found using SABRE include BiP, which encodes an endoplasmic reticulum lumenal chaperone (31) and a gene coding for a homolog of the rat synaptic vesicle protein SV2 (32), as well as several ESTs. All of them may represent genuine target genes of MTF-1, since they were found repeatedly or at least did not show up in the controls. Whereas the promoter of SV2 has not so far been characterized, the human BiP promoter does not contain MREs and thus is probably not a direct target of MTF-1. The AFP result, which in the light of the MTF-1 knockout phenotype was the most interesting (see Discussion), was additionally checked by semi-quantitative RT-PCR (data not shown). This experiment confirmed a reduced abundance of AFP mRNA in E13.0 MTF-1 knockout embryos in comparison to wild-type littermates. Consistent with a role for MTF-1 in expression of AFP is the presence of several MRE consensus motifs in the rat AFP promoter and upstream enhancers (Fig. 1) . Taken together, these findings make AFP a good candidate target gene of MTF-1.
As a complementary system to find further MTF-1 target genes another systematic screening protocol, the Affymetrix Gene Chip system, was also utilized. The results with this oligonucleotide-based microarray system have proven reliable, i.e. they did not show any deviation from northern blots whenever RNA from identical sources was used (U.Certa, unpublished results). Analysis of our acquired data showed that ∼30% of the 13 000 genes on the array yielded a specific signal. More than 99% of the genes did not show significant differences in expression levels between genotypes. Within the group of genes with equal expression levels were classical reference genes such as actin and tubulin, as well as genes whose independence from MTF-1 expression was not necessarily expected, such as heat shock proteins, members of the AP-1 family of transcription factors and enzymes involved in free radical scavenging processes ( Table 1) . As a first differentially expressed gene we found MT-II, a well-established target gene of MTF-1. Other genes identified represent secretory liver proteins, including AFP and albumin. The finding that mRNAs for secretory liver proteins are reduced in E13.0 embryos does not necessarily mean that the corresponding genes are genuine target genes of MTF-1, since a reduced mRNA level might be the result of damage or loss of hepatocytes in the knockout embryos. In an attempt to clarify this point we screened the acquired data for the presence of any other liver-specific genes with equal expression levels in wild-type and knockout embryos. Indeed, some genes, like ferritin, Cyp4A14 (a cytochrome P450 family member) and others, were equally expressed, but their suitability to serve as liver-specific control genes is questionable, since their expression pattern is either not precisely known or not strictly hepatocyte-specific (33, 34) . Unfortunately, other genes with purely hepatocyte-restricted expression did not yield a specific signal in the data set. However, this is not unexpected since these genes are usually expressed at a low level. The question whether differential gene expression had been influenced by the onset of liver decay was therefore addressed by another microarray screening using samples from an earlier stage, namely 'late' E12.5 embryonic livers. In this screening several ubiquitously expressed genes, as well as genes with liver-restricted expression, did not show significantly different expression levels in MTF-1 knockout versus wild-type samples (data not shown). One of these genes encoded albumin, suggesting that it is not a target gene of MTF-1, at least at E12.5. In contrast, AFP transcripts were found to be down-regulated to ∼60% of the expression levels observed in wild-type livers. The other genes encoding secretory liver proteins, which in the first screening had emerged as differentially expressed, unfortunately belonged to the group of genes for which no specific signal was obtained in the second screening. In the case of AFP a dependence on MTF-1 is likely, but its physiological relevance for the early MTF-1 knockout phenotype remains to be clarified (see Discussion). In this second screening the gene for vacuolar adenosine triphosphatase subunit b showed a modest reduction in expression in MTF-1 knockout livers. This enzyme is involved in the regulation of cytosolic pH in hepatocytes (Table 2; 35) .
Another candidate target gene, encoding tear albumin/lipocalin, was analyzed by different means. This protein is mainly expressed in tear glands and lingual glands. It belongs to the lipocalin superfamily of lipophilic ligand-carrier proteins and may have a general role in binding lipophilic substances, including toxic ones. Both the human and porcine tear albumin genes contain two conserved MRE sequence motifs in their upstream promoter regions (36) . We have analyzed the binding properties of these MREs in EMSAs and found them to bind to MTF-1 (Fig. 2 ). Furthermore, we tested fusion constructs in which the human tear lipocalin upstream region was fused to (Fig. 2) . C/EBPα and C/EBPβ belong to the family of b-Zip transcription factors. Both are also enriched in the liver (37, 38) , where they play different and, at least in part, antagonistic roles in cell differentiation and proliferation. We found a cluster of MREs at -1.9 kb from the main transcription start of the C/EBPα gene. These upstream regulatory sequences were also tested in transfection experiments and could confer zinc/MTF-1-dependent expression on a reporter gene (Fig. 3) .
Besides the genes down-regulated in the absence of MTF-1, three genes emerged which are expressed at higher levels in the MTF-1 knockout. The first gene is a homolog of the yeast cell division control protein 3 (cdc3), which is a member of the conserved eukaryotic family of septin proteins, involved in cytokinesis (39) . The second gene, NF-YB, codes for a subunit of a CCAAT box-binding protein (40) . NF-Y/CBF1 is a basal transcription factor, but nevertheless may well be relevant for the liver phenotype of MTF-1 knockout embryos. Over the years evidence has accumulated that expression of hepatocytespecific genes is mainly controlled by a few families of liverspecific transcriptional activators, in combination with some ubiquitous and basal transcription factors (41, 42) . In addition, functional binding sites for general transcription factors, such as NF-Y/CBF1, and stress-responsive ubiquitous factors, like AP-1, are present in typical promoters of liver-specific genes and their cognate transcription factors are required for high transcription rates of liver-specific genes (41) . The third gene is a receptor for hepatopoietin, a novel polypeptide mitogen specific for hepatocytes (43) , which was up-regulated in E12.5 MTF-1 knockout livers ∼5-fold. All three genes may be upregulated as part of an effort by the MTF-1-deficient embryo to compensate for the loss of hepatocytes at the onset of liver decay.
γ-GCS is the key enzyme in the biosynthesis of glutathione (GSH). Previously we found by northern blot analysis that γ-GCS hc mRNA is down-regulated in E13.5 MTF-1 knockout embryos (16) and we thus speculated that an insufficient GSH level could contribute to the MTF-1 knockout phenotype. To clarify the relevance of this finding we measured GSH levels in embryonic livers using a recently developed, HPLC-based method (29) adapted to our purpose. GSH was determined from several liver samples from late E12.5 MTF-1 knockout, heterozygous and wild-type embryos as well as from an adult wild-type liver. The measured GSH levels were in the same range as those in other studies using rat hepatocytes (44): wildtype and heterozygous livers contained ∼100 µmol GSH/g soluble protein. However, in contrast to our expectation, the GSH level in knockout E12.5 embryonic livers turned out to be at least as high, if not higher, than in the wild-type (Fig. 4) .
DISCUSSION
We used several methods to find genes differentially expressed between MTF-1 wild-type and knockout embryos at day 12.5/13.0 of gestation. Our studies identified several new putative target genes of MTF-1 which are compatible with either of two distinct models that could explain the liver decay phenotype of MTF-1 null mutant embryos. As we speculated earlier (16) , insufficient expression of genes involved in the stress response may lead to an accumulation of endogenously generated toxic metabolites, leading to metabolic collapse of the liver. Alternatively, MTF-1 may be essential for control of a specific stage of liver development and thereafter would be required only to handle particular stress situations.
Each of the methods used in our study has its advantages and drawbacks, which might explain why hardly any of the candidate target genes of MTF-1 scored positive in all screenings (45) . Furthermore, it appears that the critical time window for an executional role of MTF-1 is quite narrow, constituting a major challenge for the elucidation of the exact reason for embryonic liver decay in MTF-1 knockout embryos. While E12.5 embryos may well be too young to observe clear cut effects of MTF-1 deficiency, E13.5 embryos already suffer from the onset of liver decay, which confounds primary and secondary . GSH levels in embryonic livers at late E12.5 stage. GSH levels were determined in MTF-1 wild-type (n = 3), heterozygous (n = 9) and knockout (n = 3) liver samples via a HPLC-based method (29) . No significant reduction in GSH in MTF-1 knockout livers was observed. Note that the GSH level in knockout embryos at E12.5 is at least as high, if not higher, than in wild-type and heterozygous embryos (even though mRNA levels for γ-GCS hc are reduced in MTF-1 knockout embryos at later stages; 16).
effects. Therefore, we reasoned that an intermediate stage should be most suitable; SABRE and one of the microarray screenings were done with E13.0 RNA. Such embryos are still viable and tissues other than the liver are not detectably affected by the lack of MTF-1 (nevertheless, even the E13.0 results may be influenced by the onset of liver decay; see below). The finding of MT-II in the microarray screening with E13.0 embryos was reassuring evidence that MTF-1 directly controls expression of this gene (Table 2 ; 4,16). On the other hand, MT-I did not emerge as a differentially expressed gene in our screenings (Table 3) . Since MT-I is a well-characterized target gene of MTF-1 (4,16), its expression scored absent most likely due to a low expression level of MT-I in the samples or for technical reasons (45) . Several additional differentially expressed genes were identified. One of them, AFP, was found in all screenings to be less abundantly expressed in MTF-1 knockout versus wild-type embryos. Nevertheless, in a parallel collaborative study, where expression of AFP in the endoderm cells of the visceral yolk sac at E12 was measured, no difference between MTF-1 null mutant embryos and the wild-type was found (46) . This suggests that the contribution of MTF-1 to the complex transcriptional regulation of AFP (see also below) is not equally important in all tissues, at least not at this early stage of development. AFP is an interesting protein for several reasons. First of all, it is mainly expressed in embryonic hepatocytes and its expression is controlled at the transcriptional level (30) . As a member of the albuminoid gene superfamily it is the major embryonic protein responsible for maintenance of the colloid osmotic pressure. Its down-regulation may therefore explain the late stages of the MTF-1 knockout phenotype, which are characterized by generalized edema and disseminated bleeding (16) . AFP plays various additional roles, including binding to, and scavenging of, heavy metals and reactive oxygen species. In addition, AFP influences developmental processes and interacts with growth factors and the apoptotic signaling cascade (30) . Hence, AFP might very well contribute to a diminished ability of MTF-1 knockout embryos to cope with accumulation of harmful agents during liver development. Within the time window that MTF-1 knockout embryos die the size of the liver increases severalfold. Most importantly, the hepatocytes begin to express many new enzymes and secretory proteins required for liver function (47) . The embryonic liver gains metabolic functions at this stage, which implies the need to detoxify endogenously generated metabolites. Support for a role of MTF-1 in transcriptional regulation of AFP is the lower expression of AFP in E12.5 livers of MTF-1 knockout embryos and the finding of putative MREs in its upstream regulatory sequences (see below). At this early stage a general disturbance of hepatocyte structure cannot be observed either histologically (16) or at the molecular level. Several well-characterized cis-acting control regions govern AFP expression (Fig. 1) . Three remote enhancers, located between -7.6 and -1 kb in the rat, have unique but overlapping patterns of activity. Post-natal repression of AFP transcription is caused by a silencer region located between the promoter and the three remote enhancers (48) . Three perfect MREs and several additional potential MREs are located within the enhancer regions (see Fig. 1 ). MTF-1 could influence AFP expression directly or indirectly, by activating other transcription factors, such as C/EBPα, known to bind to the AFP promoter and enhancers (49) . Indeed, C/EBPα emerged as another candidate target gene of MTF-1 (Fig. 3) .
C/EBPα, which contains several MREs in its upstream regulatory sequence, is the founding member of a family of b-Zip transcription factors. Both C/EBPα and C/EBPβ are liver-enriched factors, where they exert some antagonistic effects. While C/EBPβ is associated with hepatic cell proliferation in embryonic cells and regenerating liver, C/EBPα is involved in maintenance of the differentiated, non-proliferating state of liver and other cells such as adipocytes. Ectopic expression of C/EBPα in various transfected cell types, including fibroblasts, blocks their proliferation, apparently by inducing a high level of the anti-proliferative protein p21. In support of this notion, C/EBPα knockout mice display a low level of p21 and an extended proliferation period of their liver cells (50) . Likewise, liver regeneration after partial hepatectomy is accompanied by sustained induction of C/EBPβ with concomitant downregulation of C/EBPα (51) . Furthermore, C/EBPα knockout mice lack hepatic glycogen at birth, confirming a role of C/EBPα in cellular energy metabolism. Finally, and perhaps most relevant to our findings, C/EBPα is also involved in the cellular stress response, as indicated by its induction by infectious agents in the so-called acute phase inflammatory response.
Tear lipocalin, another candidate target gene of MTF-1, was found because of a clustering of MREs in its upstream regulatory region. Also referred to as tear albumin or von Ebner's gland Fig. 2 ) makes sense. Furthermore, the fact that the prostate gland is the organ with the highest zinc content (56) may imply a connection of tear lipocalin to prostate function via MTF-1/zinc metabolism. Nevertheless, tear lipocalin is not apparently expressed in the liver and therefore is probably not involved in development of the MTF-1 knockout phenotype.
We have previously noted a similarity of the MTF-1 null phenotype to the phenotypes of mice deficient for c-jun, p65/RelA or HGF/c-met (16) . This similarity, though not identity, does not necessarily mean that MTF-1 acts upstream or downstream of one or several of these genes. Although binding sites for NF-κB are present in the MTF-1 promoter, MTF-1 is expressed ubiquitously and its promoter reveals the characteristics of a classical housekeeping gene (57) . Therefore, most probably none of these factors is epistatic to MTF-1. Indeed, MTF-1 expression is not changed in c-jun knockout fibroblasts and vice versa (16) . More likely is the possibility that certain target genes are regulated by a combination of these factors and that insufficient expression of one or several of these target genes is responsible for the initiation of hepatocyte decay. AP-1, NF-κB and MTF-1 all have in common that they are involved in different aspects of cellular anti-stress defense mechanisms. Nevertheless, MTF-1 is the only one of these genes that seems to be essential for hepatocyte development only and the knockout of which is not accompanied by other phenotypic manifestations (16) . Therefore, at least some gene(s) involved in the hepatocyte decay in MTF-1 knockout embryos is likely to be a MTF-1-specific target. However, to date it is still unclear whether the MTF-1 knockout phenotype is caused by an inability of hepatocytes to cope with toxic metabolites or whether MTF-1 plays a decisive role in liver development around day E12.5-E13.5. Conditional knockout mice may provide answers to these open questions.
We have reported before that γ-glutamyltranspeptidase and γ-GCS hc both contain MRE motifs in their promoters and were potential MTF-1 target genes. Indeed, transcript levels of γ-GCS hc (a GSH synthesizing enzyme) were found to be reduced in E13.5 MTF-1 knockout embryos (16) . Although a reduced level of GSH would provide an explanation for the increased susceptibility of MTF-1 knockout primary cells to H 2 O 2 (16), the role of γ-GCS as a target gene of MTF-1 has to be critically reviewed in the light of our new data. First, it became obvious that stage E13.5 observations are not very informative, as the liver is already clearly affected by the lack of MTF-1. Second, our finding that GSH levels in E12.5 embryonic livers is at least as high, if not higher, in MTF-1 knockouts than in the wild-type (Fig. 4) is a compelling argument against a crucial role of γ-GCS hc in development of the MTF-1 knockout phenotype. From these results we conclude that the MTF-1 phenotype cannot be explained by a decrease in γ-GCS hc expression, although we cannot exclude additional unknown functions of this enzyme besides synthesis of GSH. In contrast, there might even be overproduction of GSH in MTF-1 knockout livers to compensate for the loss of metallothionein, which has functions as an antioxidant molecule overlapping with those of GSH.
Previous studies suggested that MTF-1 may regulate expression of zinc transporter-1 (ZnT-1), a ubiquitously expressed zinc export pump (16, 58) . Indeed, a recent study convincingly shows that ZnT-1 is a target gene of MTF-1 in vivo, at least in the mid-gestation visceral yolk sac and placenta (59) . Nevertheless, there is no direct evidence for involvement of ZnT-1 in development of the MTF-1 knockout phenotype. In spite of this missing link to the onset of liver decay in MTF-1 null mutant mice, one can conclude that MTF-1 coordinates the regulation of genes involved in zinc homeostasis and protection against metal toxicity, such as the metallothioneins and ZnT-1.
Recently it was found by Brian Murphy and colleagues that MTF-1 is also activated by hypoxia (17) . The same group identified a particularly interesting target gene of MTF-1, placental growth factor (PlGF), though with unclear relevance for the lethal knockout phenotype. In collaboration with our group they have shown that PlGF is activated in a cell typespecific manner and that its basal and hypoxia-inducible expression is dependent on MTF-1 (60). PlGF encodes an angiogenic factor (61) with complementary activities to vascular endothelial growth factor (VEGF). Hypoxia is a wellestablished pathophysiological condition, found for example in the majority of malignant solid tumors. Such conditions act as potent inducers of neovascularization by initiating expression of the VEGF genes (62) . These new findings also imply a role of MTF-1 in tumor growth and therapy resistance in vivo. In agreement with this, high expression of metallothioneins correlates with a poor prognosis and progressive disease in a number of human tumors (63, 64) . In addition, metallothionein expression is cell cycle dependent (65) . Hence, MTF-1 may be critical for modulating gene expression associated with some malignant phenotypes.
